Abstract The aim of this paper is to obtain relevant sets of collision cross sections of the parent ions in low pressure discharges in argon, oxygen, and nitrogen, i.e., Ar + in Ar, O2 + in O2 and N2
Introduction
Knowledge of basic ion transport data is important for modeling and simulation of electric discharges. Such data need validation in order to reproduce the physico-chemical behavior in plasma discharge applications correctly. The literature contains many works on the simulation of electric discharges showing the major role of ions in the chemistry and dynamics of low temperature plasmas and non-equilibrium electric discharges. In these non-thermal plasmas, particle models are necessary to better understand the behavior of the physical and chemical characteristics of electrical discharges [1, 2] . These particle models require a good knowledge of the collision cross sections of the different charged particles involved in the electrical discharge evolution. The aim of this paper is to determine validated sets of collision cross sections for most of the important ions that can be generated in low pressure discharges in argon, oxygen, and nitrogen, i.e., Ar + in Ar, O 2 + in O 2 , and N 2 + in N 2 . These sets of collision cross sections include momentum transfer cross sections, which are calculated from semi-classical Jeffreys Wentzel Kramers Brillouin (JWKB) approximation, and charge transfer cross sections, which are determined from empirical relations. These cross section data are then validated from comparisons between the transport coefficients calculated using Monte Carlo simulation and those measured in the literature.
Methods of calculations
As emphasized in the introduction, this paper is divided into two parts. The first one is devoted to the calculation of cross sections characterizing the twobody collisions between the ions and the studied gas (Ar + /Ar, O 2 + /O 2 , and N 2 + /N 2 ). The second part is devoted to the calculation of the transport coefficients of each ion in its parent gas through an optimized Monte Carlo code using cross sections that have already been calculated, which are then validated from comparison with measurements.
The cross sections of elastic momentum transfer collisions, for argon, oxygen or nitrogen ions are calculated based on a semi-classical approach based on the potential for inter-particle interactions. Several types of inter-particle potential are described in the literature. In this work, we consider an inter-particle potential of the 12-6-4 kind, taking into account the interaction between the ion charge and the permanent quadrupole moment. This interaction is taken into account by adding an attractive term of power 6, and a force factor γ that describes the relationship between the dispersion and the polarization forces. Its general form is given by the following relationship [3, 4] .
Here ε m is the minimum of the potential well depth and r m is the collision diameter, which are calculated as follows [4, 5] :
where α i is the polarizability of the ion and α n is the polarizability of the neutral target.
with e denoting the elementary charge, ε 0 the vacuum permittivity, and Z i the charge number.
The parameter γ is expressed by the following equation:
where α q,n is the quadrupole polarizability. The coefficient of binary dispersion is determined by the combination rule [6] 
Following the definition for an elastic collision, the internal energy of colliding particles does not change.
There is simply a change of direction of the particles, with a redistribution of energy between projectile and target particles. This results in conservation of the momentum and the kinetic energy of the interacting particles. In a reference system where one particle is assumed immobile (the target), the trajectory of the moving particle (the projectile) is deflected by a χ angle after the collision. Fig. 1 shows the deflection during an elastic collision of a projectile ion by a target particle, r is the distance between the projectile and the target. The angle χ given by Eq. (7), depends on the relative collision energy ε r , the impact parameter b, and the interaction potential V (r). The impact parameter b is the distance between the trajectory of the projectile (in the absence of collision) and its parallel through the center of the target, and r c is the distance of closest approach during the collision.
r c satisfies the following equation:
The elastic momentum collision cross section [7, 8] Q m is given as a function of the differential cross section σ(χ, ε r ) from the following equation: In quantum mechanics [9] , the wave nature of the projectile forces one to consider the ion beam after collision as a wave diffracted by the target. The differential cross section is then calculated from the scattering amplitude f (χ):
where
In Eq. (11), k is the wave number calculated from the relative collision energy ε r and the reduced mass µ r of the system, where: ε r = 2 k 2 2µ r with denoting the Planck constant. δ l is the partial phase shift of the wave of order moment l and P l is the Legendre polynomial of order l. After substituting Eq. (10) into Eq. (9) and integrating with respect to χ, it follows that Q m can be calculated directly from the partial phase shift δ l .
The phase shift δ l of the partial wave is calculated simply by using the semi-classical JWKB approach (Jeffreys Wentzel Kramers Brillouin) [10−12] and the previously discussed inter-particle potential V (r):
The phase shift δ l can be approximated to δ JWKB l given by relation (13) (i.e. δ l ≈ δ JWKB l ) only if the interparticular potential changes sufficiently slowly with distance r. Using Langer's trick to replace (l + 1) by (l + 1) + 1/4 = (l + 1/2) 2 , the improved phase shift can be expressed as:
The algorithm of phase shift calculation using JWKB approximation is shown in Fig. 2 After calculating the collision cross sections, we can calculate the ion mobility or the drift velocity of the ion transport in their parent gas under the action of a uniform electric field using a Monte Carlo method. In the Monte Carlo simulation, at initial time t i (t = 0), we consider a number of ions N i0 germs positioned at the origin of the coordinate (x = y = z = 0) with Maxwell distribution velocities at temperature T of the gas parents. Under the action of the electric field E, the ions are accelerated until time t f where the average energy of ions is stable since this corresponds to a balance between the energy losses during collisions and the energy gains under the action of the electric field. At this time we calculate the mobility and the drift velocity corresponding to an equilibrium hydrodynamics regime of the ion transport. The simulation technique is already detailed in the literature [13, 14] . The ion transport thus calculated can be compared in fact to the ion transport coefficients measured in the case of a classical drift tube under the action of a uniform electric field. This can therefore be compared, for instance, to the reported measurement determined from pulsed Townsend experiments (see e.g. Ref. [15] ).
Collision cross section validation and results
Figs. 3, 4, and 5 display respectively the sets of collision cross sections of Ar + ions in argon, O 2 + in oxygen, and N 2 + in nitrogen. The elastic momentum transfer collision cross sections are calculated from the semiclassical formalism described in section 2 while the cross section of Ar + /Ar charge exchange is calculated using the formula of Sakabe and Izawa, this relationship has already been adopted in the literature [16] for rare gases.
with A= 111 and B= 7.4. In the case of molecular ions, we used the relationship initially proposed by Firsov [17] : The next subsections are devoted to the calculation of mobility and drift velocity data of each ion in its parent gas. Comparisons of calculated transport coefficients are done with measurements taken from Ellis et al's compilation [18] .
The calculated collision cross sections need to be first validated before being used for instance in a particle model of electrical discharges (see e.g. Ref. [2] ). The validation was performed from the comparisons between the transport coefficients calculated using the calculated set of collision cross sections and the published measurements of the transport coefficients. The calculated transport coefficients are determined from a Monte Carlo simulation adapted to the experimental conditions of the measured data (homogeneous and stationary case), while the measurements of transport coefficients are taken from the compilation of Ellis et al [18] . Ion mobilities (Figs. 6, 8 , and 10) and also ion drift velocities (Figs. 7, 9 and 11) are plotted versus reduced field E/N . These figures show a very good agreement between measured and calculated transport coefficients. The relative deviation between measurements and calculations less than 3% is largely within the experimental error bars. This small difference between measurements and calculations is a confirmation of the validity and the coherence with measured transport coefficients of the present sets of cross sections calculated for the systems of Ar + /Ar, O 2 + /O 2 , and N 2 + /N 2 . 
Conclusion
In this paper we calculated the sets of collision cross sections of the systems Ar + /Ar, O 2 + /O 2 , and N 2 + /N 2 using a semi-classical method for the elastic momentum transfer cross section based on the phase shift calculations and a 6-4-12 interaction potential. The present sets of calculated cross sections are incorporated with the Monte Carlo simulation of ion transport in gases under a uniform electric field in a homogeneous medium to calculate the transport coefficients, and the results show an excellent agreement with the experimental mobility or drift velocity ion data already available in the literature. These validated sets of collision cross sections can thus be used for modeling and simulation of low pressure and non-equilibrium electrical gas discharges.
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